This study analyzed the relationship between pulmonary vascular resistance (PVR) and pulmonary arterial compliance (Ca) in patients with idiopathic pulmonary arterial hypertension (IPAH) and proximal chronic thromboembolic pulmonary hypertension (CTEPH). It has recently been shown that the time constant of the pulmonary circulation (RC time constant), or PVR ϫ Ca, remains unaltered in various forms and severities of pulmonary hypertension, with the exception of left heart failure. We reasoned that increased wave reflection in proximal CTEPH would be another cause of the decreased RC time constant. We conducted a retrospective analysis of invasive pulmonary hemodynamic measurements in IPAH (n ϭ 78), proximal CTEPH (n ϭ 91) before (pre) and after (post) pulmonary endarterectomy (PEA), and distal CTEPH (n ϭ 53). Proximal CTEPH was defined by a postoperative mean pulmonary artery pressure (PAP) of Յ25 mmHg. Outcome measures were the RC time constant, PVR, C a, and relationship between systolic and mean PAPs. The RC time constant for pre-PEA CTEPH was 0.49 Ϯ 0.11 s compared with post-PEA-CTEPH (0.37 Ϯ 0.11 s, P Ͻ 0.0001), IPAH (0.63 Ϯ 0.14 s, P Ͻ 0.001), and distal CTEPH (0.55 Ϯ 0.12 s, P Ͻ 0.05). A shorter RC time constant was associated with a disproportionate decrease in systolic PAP with respect to mean PAP. We concluded that the pulmonary RC time constant is decreased in proximal CTEPH compared with IPAH, pre-and post-PEA, which may be explained by increased wave reflection but also, importantly, by persistent structural changes after the removal of proximal obstructions. A reduced RC time constant in CTEPH is in accord with a wider pulse pressure and hence greater right ventricular work for a given mean PAP. hypertension; pulmonary; pulmonary circulation; pulmonary arterial hypertension; chronic thromboembolic pulmonary hypertension; pulmonary endarterectomy RECENT STUDIES (12, 13, 20) have shown that there is a fixed relationship between pulmonary vascular resistance (PVR) and pulmonary artery compliance (C a ). This relationship is best studied using the time constant of the pulmonary circulation (RC time constant).
RECENT STUDIES (12, 13, 20) have shown that there is a fixed relationship between pulmonary vascular resistance (PVR) and pulmonary artery compliance (C a ). This relationship is best studied using the time constant of the pulmonary circulation (RC time constant).
C a represents the ability of the pulmonary circulation to stretch in response to an applied pressure. The pulmonary circulation is a low-pressure, high-compliance circuit designed to cope with the increased cardiac output associate with exercise. The RC time constant is calculated as the product of PVR by C a and represents the exponential pressure decay in the pulmonary artery during diastole (Fig. 1) . The RC time constant is potentially useful in the study of the pulmonary circulation as it is independent of the right ventricle (RV). The RC time constant has been shown to be 0.48 Ϯ 0.17 s in patients with pulmonary hypertension (PH) or suspected PH (with a normal wedge pressure) (24) . In patients with PH, the RC time constant seems unaffected by drug treatment (13) . A constant relationship between PVR and C a implies that C a becomes a relatively more important determinant of RV afterload when PVR is normal or only moderately increased (1) .
However, most recently, Tedford et al. (24) showed that an increased pulmonary arterial wedge pressure (PAWP) in patients with left heart failure may be a cause of a decreased RC time constant (with age also showing a smaller effect). This observation is explained by decreased C a associated with an increased transvascular pressure at any given level of PVR (10, 16) . Tedford et al. (24) suggested that PAWP amplifies peripheral pulmonary arterial pulse reflection, augmenting systolic pulmonary arterial pressure (sPAP); hence, there is a decline in total C a .
Proximal pulmonary arterial obstruction in experimental PH has been shown to increase wave reflection, which increases pulse pressure at any given level of mean pulmonary arterial pressure (mPAP) (9) . This finding has been confirmed in patients with chronic thromboembolic PH (CTEPH) (2, 17, 18) , although the increase in pulse pressure was not always consistent (2) , probably in relation to the inhomogeneity of the distribution of obstructive lesions along the pulmonary arterial tree typically observed in these patients. This is at odds with the evidence indicating a fixed predictable relationship between sPAP and mPAP (4, 5, 8, 23) . This fixed relationship between sPAP, diastolic pulmonary arterial pressure (dPAP), and mPAP is in contrast to the systemic circulation, where mean pressure estimates require both systolic and diastolic input and can be altered by interventions affecting either (3) .
The aim of this study was to test whether proximal CTEPH [compared with idiopathic pulmonary arterial hypertension (IPAH) and distal CTEPH] demonstrated a significant difference in the RC time constant. If this were the case, would there also be a difference in pulse pressure altering the relationship between the sPAP and mPAP? Accordingly, we investigated predominantly proximal CTEPH by assessing patients who achieved a postpulmonary endarterectomy (post-PEA) decrease in mPAP to Յ25 mmHg. This group was chosen to try to determine the effect of pulmonary arterial obstructions as much as possible in isolation from a distal pulmonary vasculopathy (based on the "two-compartment model for CTEPH") (15) .
METHODS
Subjects. This study was approved by our institutional review board. Patients were identified retrospectively from our clinical database by their diagnosis from 1999 to 2012. We searched for patients with CTEPH who had PEA, distal CTEPH, or IPAH based on the Dana point classification (21) . Right heart catheter pressure measurements were obtained from a central database or from patient's notes. Patients who had a routine right heart catheterization performed at least 3 mo after PEA surgery with a significant fall in mPAP post-PEA to Յ25 mmHg were identified as predominantly proximal CTEPH. Patients with mPAP Ͼ 25 mmHg at this point were excluded. Distal CTEPH was defined as patients who had been assessed by a multidisciplinary panel (comprising a PEA surgeon, dedicated PH radiologists, and physicians) as having thrombus distributed primarily beyond the segmental divisions of the pulmonary arteries and, hence, were not candidates for PEA surgery. Patients with PAWP Ͼ 15 mmHg or where no reliable PAWP trace could be obtained were excluded.
Right heart catheter measurements. IPAH, distal CTEPH, and pre-PEA measurements were made in incident cases at the time of diagnosis. Post-PEA measurements for each patient were performed at least 3 mo after PEA surgery. No patients were receiving pulmonary arterial hypertension licensed therapies at the time of any right heart catheterization. All catheterization measurements were performed in supine position at rest using fluoroscopic guidance with standard techniques by a specialist in PH. Pressures were measured using a quad lumen Swan-Ganz catheter (Edwards Lifesciences, Irvine, CA) connected to a Philips Haemosphere (Philips Medical Systems, Surrey, UK). Pressure measurements were taken at end expiration. Cardiac output was measured by thermodilution.
RC time constant. The RC time constant was calculated from right heart catheter-measured parameters. C a was calculated as stroke volume divided by pulse pressure. The RC time constant was calculated as PVR ϫ C a.
Statistical analysis. Statistical analysis was performed using Graphpad Prism 3.0 (Graphpad Software, La Jolla, CA) except for the linear regression analysis, which was performed using Stata 12.1 (StataCorp). Comparison of multiple group variables was performed with ANOVA (with post hoc testing using Tukeys multiple-comparison test) or, for non-normally distributed variables, a Kruksal-Wallis test (with post hoc testing using Dunn's multiple-comparison test). Comparison between pre-PEA CTEPH and post-PEA CTEPH was performed using a paired t-test or Wilcoxon signed-rank test where appropriate. Linear regression analysis was used to adjust for the effect of different group characteristics to determine whether there was any effect on the RC time constant. PVR and C a were normalized by log transformation for linear regression and analysis of covariance. Linear regression analysis was performed on groups of sPAP and mPAP measurements to generate the best fit line. For between-group comparisons, analysis of covariance was performed. Values in tables are means Ϯ SD. For all statistical tests, P values of Ͻ0.05 were considered significant.
RESULTS
We identified 78 patients with IPAH, 91 patients with proximal CTEPH, and 53 patients with distal CTEPH. The IPAH group age was 53.4 Ϯ 15.8 yr, with a male-to-female ratio of 21:57. The proximal CTEPH group age was 54.8 Ϯ 19.0 yr, with a male-to-female ratio of 57:34. The distal CTEPH group age was 62.8 Ϯ 14.0 yr, with a male-to-female ratio of 25:28. Right heart catheterization measurements are shown in Table 1 for IPAH, pre-PEA CTEPH, post-PEA CTEPH, and distal CTEPH. The mean interval between PEA surgery and post-PEA right heart catheterization was 120 Ϯ 43 days.
ANOVA showed statistically significant differences in IPAH, distal CTEPH, and pre-PEA CTEPH groups for sPAP, mPAP, dPAP, pulse pressure, PCWP, PVR, and age. Posttest comparison of IPAH and pre-PEA CTEPH groups showed significant differences in mPAP (P Ͻ 0.001), dPAP (P Ͻ 0.001), PCWP (P Ͻ 0.05), and PVR (P Ͻ 0.01). Posttest comparison of distal CTEPH and pre-PEA CTEPH groups showed significant differences in sPAP (P Ͻ 0.05), mPAP (P Ͻ 0.05), and age (P Ͻ 0.01).
The RC time constant was calculated using the derived measurements for PVR and C a (Table 1 ). Figure 2 shows a plot of the RC time constant for each group. Between-group posttest analysis of RC time constant differences showed the following differences of RC time constants: IPAH to distal CTEPH (P Ͻ 0.01), IPAH to pre-PEA CTEPH (P Ͻ 0.001), and distal CTEPH to pre-PEA CTEPH (P Ͻ 0.05). To determine the effect of age, mPAP, and PCWP on the observed differences in RC time constants across the three groups, regression analysis was performed. Independent analysis of the effect of each of the three parameters with RC time constant showed an age coefficient of Ϫ0.001 (r 2 ϭ 0.20, P ϭ 0.031), a mPAP coefficient of Ϫ0.001 (r 2 ϭ 0.19, P ϭ 0.103), and a PCWP coefficient of Ϫ0.009 (r 2 ϭ 0.26, P Ͻ 0.001). In a combined model (r 2 ϭ 0.30), a significant effect of PCWP (coefficient: Ϫ0.01, P Ͻ 0.001) and mPAP (coefficient: 0.002, P ϭ 0.002) was demonstrated, with age being near significance (coefficient: Ϫ0.001, P ϭ 0.056). However, even after adjustment for these effects, the RC time constant differences observed all remained significant (IPAH to distal CTEPH: P Ͻ 0.001, IPAH to pre-PEA CTEPH: P ϭ 0.002, and distal CTEPH to pre-PEA CTEPH: P ϭ 0.034).The RC time constant differed between pre-PEA CTEPH (0.49 Ϯ 0.11 s) and post-PEA CTEPH (0.38 Ϯ 0.11 s, P Ͻ 0.0001; Fig. 2 ). As expected there were significant differences in all hemodynamic parameters after successful PEA surgery. Fig. 3 show the best fits for IPAH (dashed line), distal CTEPH (gray line), and pre-PEA CTEPH (solid line). There were no differences in the slopes of the lines, but there were significant differences in the intercepts (P Ͻ 0.0001).
Relationship between sPAP and mPAP. All groups demonstrated a good linear correlation between sPAP and mPAP ( Table 2) . Analysis of the difference in the relationships showed that the relationship between sPAP and mPAP in the IPAH group was different compared with the results for both pre-PEA CTEPH and post-PEA CTEPH groups. Figure 4 shows linear regression lines for sPAP against mPAP. The linear regression line for the IPAH group differed significantly from pre-PEA CTEPH (P ϭ 0.034) and post-PEA CTEPH (P ϭ 0.002) groups.
DISCUSSION
The present results show that the RC time constant is different depending on the nature or cause of PH when IPAH and different types of CTEPH are compared. The difference in the RC time constant may be explained by extensive structural changes distributed in the pulmonary circulation rather than just wave reflection on a proximal site of increased resistance. A decreased RC time constant in CTEPH increases the pulsatile hydraulic load imposed on the RV and alters the prediction equations of mPAP from either sPAP or dPAP.
With the exception of Tedford et al. (24) , previous studies in smaller subject groups have shown generally higher RC time constants in CTEPH than we found in our CTEPH group obstructions. The presence of a higher proportion of proximal CTEPH might also explain why their RC time constant was lower than that reported by Lankhaar et al. (12) .
We used the same method of calculating C a across our patient groups and demonstrated a significant difference. Our results indicate that the RC time constant can be altered by proximal CTEPH. We avoided using a definition of proximal CTEPH based on interpretation of imaging as this is subjective and not able to identify the contribution of the distal arteries to PVR, but we did have to rely on this method for defining distal CTEPH. In ideal circumstances, our proximal and distal CTEPH patients would each behave as having only one of the "two compartments" in CTEPH affected (15) .
The findings of Pagnamenta et al. (19) demonstrated that, in a dog model of CTEPH, pulmonary artery ensnarement (as a model of proximal CTEPH) gives a RC time constant of 0.30 Ϯ 0.03 s (from a baseline RC time constant of 0.46 Ϯ 0.07 s) compared with microembolization (as a model of distal CTEPH), which gave a RC time constant of 0.74 Ϯ 0.05 s (from a baseline RC time constant of 0.53 Ϯ 0.09 s). They attributed the observed differences to the effect of wave reflection caused by the ensnarement of the pulmonary artery. This supports our hypothesis that wave reflection contributes to alterations of the RC time constant in proximal CTEPH.
Perhaps the most intriguing part of our study is that the reduced resistance after PEA surgery was not matched by an equivalent increase in C a , which resulted in a lower RC time constant compared with preoperative levels. Bonderman et al. (1) showed that, in patients with a mPAP of 19 mmHg after PEA, exercise produced a decrease in C a ; in normal subjects, exercise produced decreased PVR and increased C a , confirming persistently altered C a after successful proximal surgical disobstruction. Our RC time constant results suggest that the PVR and C a relationship remains different from IPAH even after successful PEA surgery. The decrease in RC time constant between pre-PEA and post-PEA CTEPH does not help our hypothesis that wave reflection caused by proximal obstruction is the main factor responsible for differing behavior compared with IPAH, as this was removed in post-PEA CTEPH and generates more questions about how the pulmonary circulation behaves in disease states.
de Perrot et al. (6) recently reported on post-PEA improved C a , resulting in an improvement in New York Heart Association functional class, 6-min walk distance, and RV remodeling. They did not observe any change in the RC time constant in their patient group (n ϭ 34). Discrepant RC time constant calculations in proximal CTEPH before and after successful PEA could be explained by differences in the extent of structural changes associated with proximal thrombotic obstructions. One possible explanation for the decrease in RC time constant could be that the removal at PEA of tunica intima and part of tunica media of the pulmonary artery with subsequent healing may not leave the arterial wall with the same compliance properties as the normal pulmonary artery. The dissection in PEA surgery is a full endarterectomy from the main pulmonary artery into all segmental branches (and beyond, in some circumstances). Saouti et al. (20) suggested that total proximal arterial compliance was 19% by studying the contribution to compliance of 2 cm of the main pulmonary artery, 3 cm of the left pulmonary artery, and 3 cm of the right pulmonary artery. PEA surgery extends beyond the first 3 cm of the left and right pulmonary arteries; hence, any change to the behavior of the pulmonary artery wall could be expected to affect Ͼ19% of total C a . A study (22) of in vitro atheroscleromatous human aortae subjected to endarterectomy demonstrated improved compliance but failure to reach the compliance levels seen in normal arteries. This seems the most likely explanation for the lack of "normalization" of the resistance-compliance relationship despite endothelialization of the denuded pulmonary arteries being a very rapid process that is normally complete within 3 wk (14). We demonstrated in this study that IPAH and proximal CTEPH are different in the way that the pulmonary circulation responds. Our finding that the relationship between resistance and compliance is altered in proximal CTEPH indicates that studies of CTEPH should not only concentrate on PVR but also on C a to interpret the treatment response, as the link between PVR and exercise performance is only a loose one (1, 11) . In addition, PEA surgery does change the RC time constant; this implies that patients who have had PEA surgery and those who have not cannot be expected to respond in the same way in clinical studies.
RV afterload is influenced by pulsatile pressure and pulsatile flow. Three elements contribute to these parameters: PVR, C a , and wave reflection. The effect of PEA surgery on C a may be beneficial toward RV afterload even in situations where the reduction in PVR is marginal. There are some data that suggest that even after PEA surgery, conditional survival with a mPAP of Ͼ30 mmHg and mean PVR of 541 dyn·s Ϫ1 ·cm 5 (with only 25% on PAH specific therapies) is comparable with patients with a mPAP of Ͻ30mmHg (7).
Our results support previous findings of widened pulse pressure in patients with proximal CTEPH compared with IPAH (17, 18) . A reduced RC time constant in CTEPH compared with IPAH equates to a more rapid pressure decay in diastole; hence, for an identical mean PA pressure and heart rate, the pulse pressure in CTEPH must be wider. The effect of this is that there is a relatively greater pulsatile component to the hydraulic load on the RV, i.e., greater RV workload.
There are potential criticisms of this work. The pressure measurements were taken using quad lumen Swan-Ganz catheters. Despite this, in the IPAH cohort, we generated a remarkably similar relationship between mean and systolic pressures as those observed using high-fidelity catheters, suggesting that this has little impact on our measurements. This is a retrospective study. This has limited our method for the calculation of C a to use only pressure and cardiac output measurements. Multiple operators were involved in performing the right heart catheterization in this study. All operators adhered to the same protocol, and all were specialist pulmonary vascular physicians. A random selection of one-third of the pressure waveforms was reviewed to check for accuracy of the clinical database. Finally, for predominantly proximal CTEPH, we were able to use a method of selection that is easily reproducible, but no such method is possible for diagnosing distal CTEPH. Despite this, the distal CTEPH group appeared to fit between IPAH and proximal CTEPH groups.
The relationship between sPAP and mPAP in our CTEPH cohort demonstrated an altered relationship compared with IPAH. Surgical intervention, proximal obstruction, and distal chronic thromboembolic disease all affect the sPAP and mPAP relationship. However, the equations to predict mPAP from sPAP (4, 5, 8, 23) used in clinical practice when sPAP is estimated from the maximum velocity of trucuspid regurgitant jet at echocardiography have to be adapted in proximal CTEPH with a lower mPAP recalculated from any estimate of sPAP. Our results prove that it is not just alteration of the pulmonary artery afterload (through raised PAWP) that can change the coupling of PVR to C a but also that proximal CTEPH and PEA surgery are able to change this relationship. In addition, the relationship between mean and systolic pressure is not fixed under all circumstances but can be altered by the presence of proximal thromboembolic obstructions. The change to the interaction between the pulmonary circulation and RV will affect how the RV responds to progression of the underlying disease process and the likely effect of drug therapies. 
